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ENGINEERING ASPECTS OF | DIFFRACTI 


J. W. JOHNSON, ‘M. ASCE 


The design, construction, and | operation of many coastal engineering. works — 


7 is considerably dependent on on ‘the p prineiples of we wave refraction and diffraction. 
i _ This paper deve elops and illustrates principles that enable the estimation of wave q 

“conditions at specified points in shallow water or at the shore line. The wave 


characteristics can be developed ‘weather observations or "forecasts, or 


‘The phenomenon of wave refraction on a shoaling bottom, its 


companion effects such as littor al currents, is. discussed. R of waves 


rac 
by ‘currents is a s also consider ed, and for mulas are devel eloped t that make possible 


of this effect. under various conditions. W ave dination by 


breakwaters is an important consideration in the engineering design of harbor 


ill occur are given for r conditions of semi-infinite breakwaters and also for 


An appendix presents a summary of the basic theory of diffraction 


and illustrates the computations necessary for the construc tion of a 2 diffraction 
diagram. 


facilities. Means of measuring and the area in which the phenomenon 


4 INTRODUCTION 

“The extensive research ¢ on ‘the problems of. way es, surf, and related phe- 
nomena that has been completed s since the start of World W ar II, yielded : 
valuable design data for the practicing engineer. These extensio ons of 


_ understanding of wave motion have, e, in many instances, replaced empirical 
methods dating back to the 1870’ s, in other instances, they have permitted the 


comments are invited for publication; the last discussion should be submitted by 
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DIFFR FRACTION AND REFRACTION 


analy tical solution of problems that were still solved primarily by rather 


_ pensive e hydraulic model studies. Results obtained from some of these : analyses — 
are frequently only qualitative ein n character, but even so, they pr ovidea rational — 


basis for planning shore protection and i improv ement. Additional earch and 
its correl: ition with field observ: vations are necessary ; however, sufficient progr ess 
has be en made so that the compilation of wave data for design purposes and — ; 


_ wave refraction and diffrac tion analyses are bane hing the s status of f a stand- 

ard component of shore-line inv vestigations. | T he : application o of these principles 
of basic importance to the design engineer. In some instances. these prinei- 


ples also have permitted the analytical reconstruction and explanation of un- 


‘usual phenomena observed in the pe 
OF Ww AVE CHARACTERISTICS 


In the design, construc tion, and « operation of structures exposed to wave = : 
action, adequate information is erence y on the height and period of the waves 
: : that might be expec ted to oceur in the locality under study. The waves most a 
com monly - considered are those generated by wind. The cl « of such. 
waves can be predicted with reasonable accuracy fr om known meteorological = 


onditions. x Other waves of importance in the design of structures in certain 


localities are harbor s surges and tsunamies. T he . problem of surging? i is not con-— 7 
_ ‘sidered i in this paper. — _ Tsunami wav eS, like earthquakes, are as yet impossible | 
to predict but are | capable of causing considerable damage to shore-line struc 
a . _ tures in certain localities. _ Although brief reference to tsunami waves is made 
in this paper, wind-generated waves are considered of primary importance. 


—uU nless otherwise noted, this paper will be confined to a discussion of wind 
generated waves; 
ave Characteristics from Weather Observations or Forecasts. orkable 
" relationships’ between the ch: aracteristics of wav es and ‘a gener: ating wind ap- 
ur to be fairly well est: ablished. These rel: lationships betw een the height 
period of waves, the fetch, and ion velocity and duriation of the wind have been. 7 _ 
‘al form‘ and can be used with confidence in a 
eh 
> 


1e1 ights 1 refer to the ‘ ‘significs ant” height ; - the at 
e t 


in convenient 

1g Wave heights. (Wa 
, the average of the highest o 

however, indic: ate that ws ve periods obtained by these graphs are gener-— 


hird of the wav es. & Continuing “observa 


lower than has been ‘obs ‘and therefore, these gi raphs have been 


estims nation of wave condi may be m: ide. on the of either a 
7 ia or a hindeast. . If wind ve es and the fetch are estimated from ¢ 2 


2*Long-Period Waves in Harbors,”’ by John H. Carr, Proceedings-Separate No. 125, ASCE, April, 
3 “Wind, Sea and Swell; Theory of the Relations for orecasting, ” by H. U. Sverdrup and H. Munk, 


Technical Report in Oceanography No. 1, H. O. Publication No. 601, Hydrographic Office, U. S. Navy, — 
Washington, D.C., 194700 


eae “Oscillatory Waves, Diagrams and Tables of Relationships Commonly Used In Investigations of 
Surface Waves,”’ by R. L. Wiegel, Bulletin, Special Issue No. 1, Beac E rosion Board, Cc E mgrs., 
U.S. Army, Washington, D. C., July 1, 1948. nai inh 


ae 5“Comparison Between Recorded and Forecast Wav es on the Pacific Coast, by. 23 D. pe ond 
_ Thorndike Savelle, Jr., Annals, New York Academy of Science, Vol. 51, 1949, pp. 502-510. ee ae 


=< 


6 “Relationships Between Wind and Waves, Abbotts Lagoon, by J. W. Trans- 

actions, Am. Geophysical Union, Vol. 31,1950, p.386. 

7 “Revised Forecasting Relationships,” by Cc , L. Bretsc hneider, Second Conference on Coastal E ng., 
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veather chart, an estimate of the wave e conditions a at a given on locs 
“sea or at a coastal point -also can be made. 8 Such estimates ‘usually a are . made 
a here large- scale wind patterns are 1 involved, such as in ocean areas. * Wave 
- forecasts are of particular importance to construction engineers when reliable vy 
information must be available on the wave and weather conditions that are— 
likely to exist in a few hours. ~ Such data are vital to the efficient planning of 7 
operations involving | expensive construction equipment. 
Pa From the design engineer ’s point of view, ak knowledge of the expected — 
“climate of a given location and a statistical s summary ry of the height and. period of | 
waves from various directions i is necessary. For localities along an open coast — 


4 such summaries of» w ave conditions ves be compiled by using the forecasting | 
principles i in a hindeasting -procedure.® In this procedure the wave conditions 
for the winds and fetches, obtained from past weather charts, are estimated by 
use of the forecasting graphs. previously ‘mentioned and “ ‘roses’ of wave heights 
period a are prepared.® lakes and protected bays, it is usually unnecessary 
- to res resort to w reather charts for past wind conditions, and local w wind records of 7 
magnitude, duration, and direction are sufficient for estimating the wave con-_ 
"ditions that might be expected te to occur at any locality for various) 
waves estimated from the procedures refer to deep- -wat 
conditions. For a shore point at which the wi waves must move through shallo wv 
water, r, considerable change in ‘the w ave characteristics | might take place a: as at . 
i of refraction and diffraction. E Energy losses caused by bottom friction 
and flow in 1 the per meable bed are of importance only i in localities in which the 
vaves must move for relatively long distances over a gently sloping bottom ‘aie 
such as on the A Atlantic and the northwest Pacific coasts of the United States. 
n estimating w: wave conditions on lakes and bays, s, the variability of wave di- 
rection assumes considerable importance, since: Ww ithin the limits of the 30° 
ingle « of wave propagation a large range in fete +h (and thus height and period) 
might be possible. The variability: of wave direction also is of importance 


since it materially affects the refraction of waves in passing an isls und or head-- 


ave | Characteristics From Wave addition to 
s have been 


ir stalled at on the Atl antic, Gulf, co: 


“Hindcasting Statistical Wave Data,” by W. V. Burt and J. F. T. Saur, Jr. 
9“ Action and Effect of W aves,” by J. W. Johnson and J. D. Isaacs, Western Construction News, Vol. 
‘Loss of Wave Energy Due to Percolation in a Permeable Se “a Bottom, *' be ¢..A, Putnem, 7 Trans- -— 


Am. Geophysical Union, Vol. 30, 1949, pp. 349- 356. 

“Dissipation of Wave Energy by Bottom Friction,” ’ by Putnam and J. W. Johnson, Trans- 
actions, Am. Geophysical Union, Vol. 30, 1949, pp. 67-74. 
ie a “Variability in Direction of Wave Travel,’”’ by R. 8. Arthur, Annals, New York Academy of Sciences, ae 

_ Aye pe Wave Measuring Instrument,’’ by Joseph M. Caldwell, Technical Memorandum No. 6, 
Beach Erosion Board, Corps of Engrs., U. 8. "Army, Washington, D. C., ‘October, ms. * 
_-«'14 “Measurement of Ocean — by R. G. Folsom, Transactions, Am. _ Geophysical Union, Vol. 30, 
15 “Details of Shore-Based W: ave wn and Ocean Wave Analyzer,” by A. A. Klebba, Annals, 
York Academy of Sciences, Vol. 51, May, 1949, pp. 533-544. 
es 16 ““Wave Recorders,”’ by Frank E. Snodgrass, Proceedings, 
- Wave Research, Engineering Foundation, 1951. 
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_ The | data | from the recorders also provide a means of f checking the fo forecasting 


technique 1e previously discussed. ‘use of recorders in compiling —_— 
- data on the frequency of wave occurrence of various heights and periods: has 
the disadvantage that several years of records are necessary before average 
7 — ditions may be determined. _ Ev en so, a year of record at a given station is of | 
- considerable value in giving important data for the ‘design engineer. aw A‘ 
~ though the e accuracy of the forecasting technique may be improved, recorders s at 
> _ certain key stations s should always b be maintained for checking purposes and for 
giv ing a record of the waves existing at any given instant. A forecaster bene- 
fits greatly, particularly, if a wave recorder is in operation in the forecasting . 
office at the time the e analysis i is ms made. It is important to note that. not all 


Oceans are covered by weather maps; therefore, the hindeast procedure alone 


southern Califort nia, W whens, during a a large percentage e of time, w waves stench nthe 
coast from generating areas to the south for which weather charts are not 
available. W ave recorders provide | the only means of supplying complete e data 

on wave conditions in this locality. 
AVE REFRACTION ON A SHOALING BoTToM 
General.—When waves move into shallow water, important 
of all wave characteristics, except probably the wave period, take place. W aves” 


. _ approaching a shore line at an angle are are bent, or - refracted, because the inshore 
~ portion o of the wave f front travels ata a lower velocity th than does the portion in 


“deeper water; - consequently, the w aves tend to swing around and conform to the 


—_ contours as shown in Fig. 1 . The characteristics of the bottom topog- | : 
_ _ raphy, the wave period, and 1 the wave « direction in deep water determine the. a © 
pattern of the wave crests in shallow water. 18, 18.19 The | result of refraction is a 


change i in the height and direction of the waves. Wi ith very irregular bottom 

iat the heights may differ greatly between closely adjacent points salong + - 


The magnitude of the height and direction from refraction 


to be a map showing successive of a wave crest” 
_as it moves shoreward. If no energy flows laterally along the wave crest, then, 
in a steady state of wave motion, the same amount of energy should flow past 

all positions | between n any two sets of lines (orthogonals) that are everyw here 
perpendicular to the wv ‘wave e crests’ (Fig. 2). The power P’ transmitted by a a 


in n which C, = velocity 0 of f energy transmission ; w= unit weight of water; b= 
length of crest; and H= = wave height. . Indicating the conditions in . deep _ 


_ 17 “Analysis of Data from Wave Recorders on the Pacific Coast of the United States,’’ by R. L. Wiegel, 
Transactions, Am. Geophysical Union, Vol. 30, 1949, pp. 700-704. 


_ = ‘Graphical Construction of Refraction Diagrams,’’ by J. W. Johnson, M. P. O’Brien, and J. D. Isaacs, 
‘#H.O. oe No. 605., Hydrographic Office, U. S. Navy, Washington, D. C., February, iia 


“Refraction of Ocean Waves: A Process Linking Underwater Topography to Beach Erosion," by 
Munk and M. A. Traylor, Journal of Geology, Vol. 55, 1947, pp. 1-26. 
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Th he quantity is is termed the refraction coefficient and is 


nated as Ki. ‘The represents t the effect of a a change i in depth 


High Wave 
Point 
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1.—Rerraction EFFEcTs or on A SHOALING Bottom 


the wav wave height i 


of w water, may he an: as: 


values of the factors D Ka on n the wave and 
usually are opposite in effect. ~ Refraction commonly tends to increase the | 


length of the wave crest and to reduce the height, while the effect of D is to in- 


e | Crease tl the height. — _ Withd representing the w ater depth, values of D for var various 
values ¢ of relative depth. (d/Lo) ar are available in published form. In general, 
the D term is neglec ted i in refraction s studies. The values of Ka, on the other | 


hand, can be determined from refraction heneinen for any given w ave direction ; 


20 ‘Surface Water Wave Theo 


ies,” ’ by Martin A. Mason, Proceedings-Separate No. 120, ASCE, March, ; 
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and period. — As illustrated by Fig. 3, the initial form of the wave is a oe 
line i in the deep- Ww ater er area. This figure shows s that the graphical ec construction 
of a refraction diagram for a specified w: wave period consists simply of n moving a 
e each point of the wave crest a distance perpendicular ‘to the cre crest , equal to to the 
wave velocity and multiplied by a convenient time interval 


The wave velocity for each depth is computed by the common wave equ- 


& 
which Ww ‘wave velocity; L = wave length ; T= wave and d = 


~ depth. Ww hen the wave crests are completed, the initial wave crest in deep 


water is divided into equal increments, and lines are then drawn perpendicular _ 
to all inter mediate crests from these division points to the shore as shown in 
Fig. 3. Refraction coefficients for any pennies in shallow water can be calcu-_ 
from orthogonal spacings measured on the 


lated by the equation. Ka hogo 


In addition to_ the wave-front method described briefly in the previous | 
sections, refraction coefficients can be obtained by a method of drawing ¢ orthog- 
onals directly. ‘This latter method requires more exper ienced personnel than 
does the former; however, it has the advantage of greater speed of construction 


: than the wave-front method, and a greater degree of accuracy is. obtained in ine 
‘many instances. The details of both methods have been discussed elsewhere 
therefore, ‘need not be considered in this 


Refraction coefficients afford a convenient ‘method of “comparing wave 


. 


“heights at v arious was It is of interest to note that ¢ a conv ergence eof 


4 “wave energy (large wave hei heights), whereas | 


a divergence of orthogonals indicates a 


spreading out of ‘energy, or low wi ave 


heights Cig. 1). ‘Thus, sw ell coming OV er 


7 


> Bottom SW ellp overa 
Contours 


ae creased in 


: be is a ‘continuation of the shore line and a 

Grapvat Wave Vetocrry submarine ridge” frequently e extends sea- 


ward at a point or headland. Similarly, a 


submarine valley often exists bein of a bight or indentation in the coast line. 
(OF great importance in the refraction of waves around headlands and islands 
is the variability of wave direction. Although w waves are considered to be 

progressing in a certain direction, actually indiv idual waves “will be found 
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ACTION AND REFRACTION 
me travelling in directions u up to 30° ae side of the average direction. pi ‘This 
_ ‘means that the penetration of waves to the lee of a an \ island o or headland may be be— 
_ much g greater than that predicted from a refraction | diagram: based on the aver- 
age direction of trav vel. ‘complete « discussion of this phenomena has 
Refr action are used p prim: marily in connection with two. types pes of in- 
~ ‘vestigation (1) In the hindcasting and forecasting of wave or surf conditions; 
and (2) in the analysis and explanation of ‘unusual wave observed i in 
on : the past. ~ Depending « on the use for which refraction diagrams are prepared, 
the coefficients usually are summarized in conv enient tabular or graph for m. 


oN 
il Orthogonals 


straight in Deep Water — 


d4=150 


| 


in Which t =Arbitrary Time Interval 


Where Depths are Changing Rapidly, -Wave Advance 
Time Interval Between Crest Positions is d 2 
Taken One-half of That in Deeper Water Whit Which C =f(d,)_ 


Fre. 3 CTION ¢ 


Some of the common uses of refraction diagrams and the presentation of. perti- 
nent data are in succeeding sections as well as elsewhere.” 
Forecasting cand -Hindcasting of ave Characteristics—The tec hnique- of 
: estimating» wave conditions from synoptic weather charts has been discussed 
elsew here. 20, 23 estimates per tain deep- water conditions, but 

transmission of these estimates into . shallow w: water requires the use of tention 

coefficients. The coefficients obtained from measurements made on refraction 


diagrams usually are summarized i in graphic: ul form. _ For example, when fore- 
— easts (or hindeasts) are being made for a single point on shore, a 1 polar | plot of a 


ey ariability in Direetion of Wave Travel,” by R. 8 Ss. Arthur, Annals, ‘New York. “Aeademy 
Vol. 51, Article 3, May, 1949, pp. 511-522. 
and Diffraction Diagrams,’”’ by WwW. Proceedings, First Conference on 
Coastal Eng., Council on Wave Research, Engineering 1951, pp. 33-49. 


“Wind Waves and Swell, Principles of Forecasting,’’ by H. U. Sverdrup and Munk, H. 


Publication 11,275, Hydrographic Office, U. S. Navy, ashington, D. C., 1944. 
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as a function of w ave direction and period affords ‘apid and ¢ convenient 


= of estimating wave heights at shore for any deep-water r conditions, as 
indicated by Fig. 4. iff forecasts are being for sev veral points along 


wy 

coast, a convenient means of s summarizing the data is a graph that shows Ka 
values plotted against distance along the shore for various: wav ve periods. | As” 
shown in the » typic al example i in Fig. 5, a sep: arate curve for for each wave direction 7 


_ is necessary. aay The basic data for plotting such ; summary diagrams, as illus- 
trated by Fig. 4 4 and | Fig. 5, are obtained most expeditiously by the method of ; 


plotting orthogonals directly, instead of by use. of the wave-front method. It 
_ should be recognized that for those localities in which the tidal range is large, 


it may be necessary to ee refrs action diagr: ams for different 


Refraction 
of 
© 


wo 
wo 
= 


ron Font Ono, Cautr. 
‘stages of the tide. For most loc: alities on the coast, of of the United States the - 
tidal stage is ‘approximately 5 ft, and refraction diagrams prepared for 
average stage of tide usually will suffice for most investigations. 


«It is important to note that the assumption n of constant w ave Guten be- : 
tween orthogonals is not valid after a wave breaks. If -sub- 
_ merged 1 reef, it may be necessary to to examine this area critically to determine 

whether the one e breaks at some, or all, stages of the tide. Ag ‘Should breaking | 7 
occur, wave heights beyond the reef would be lower than that determined by ne. 
the use of Ka factors from al refraetion diagram. — As a wave passes over a reef, 
whether breaking occurs or or not, the crest. may divide into several crests, as 
oe shown i in Fig. 6. Thus, the further refraction of the wave may | be complex. a 
Littoral Currents —W hen n waves approach a a shore line at an angle and then 
"break upon the beach, a certain longshore component of the breaker velocity 
exists. Consequently, a littoral or longshore current is established in the di- 


section of this component. It is this littoral current, combined with 


t 
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agitating action of the re waves, that is the primary factor in causing a 
‘the ir of sand along a coast line - For a long straight beach the ‘strength of 
the littoral current has been found | by laboratory | studies, supplemented by 


in which e = al in feet per second; m = 


:Santa Cruz, 16: 


d Summer Jane, Aug, Sept 


(Total Time with Waves) 


= 
al 
° 
= 
2 
= 
= 


Hindcasts for 1936-1938, Incl) 
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Fie. 5.—VARIATION OF Rurnacnion CorrFICIENT AND SIzE OF Buacu M ATERIAL 


ity SHore Line oF MonTEREY Bay 


aver age beach slope; H, = = breaker height in feet; a breaker angle; T= 


period in seconds, and K = adimensionless friction parameter depending on the 


a. ‘Prediction | of Longshore Currents,” by J. A. Putnam, W. H. Munk, and M. A. Traylor, Trans-_ 
actions, Am. Geophysical Union, Vol. 30, 1949, pp. 337-345. 


___ % “Nearshore Circulation,” by F. P. Shepard and D. L. Inman, Proc iia. First Conference on Coastal — 
Eng., Council on Wave Research, Engineering Foundation, 1951, pp. 50- 


“Prediction and Variability of Longshore Currents,” D. Le nman and W. H. ‘Second 
_ Conference on Coastal Eng., Houston, Tex., November, 1951. aoe 3 
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For a a know n n slope, the of the littoral 


“diagram constructed to show wave fronts up to the point of Know-_ 
ing the pe period and deep-water height, the refraction diagram per ermits an esti- 


mate of the wave height at the breaker line as well as the measurement t of the | q 
breaker angle. ith these variables known the strength of the littoral current, 
therefore, can be calculated by using Eq. | 
a shore line that is subjected to waves of) 18 periods from various. 
directions, the littoral current may vary greatly strength and direction 
a * throughout the year. ff waves have more or less of a prevailing direction, the 7 
an shore line, if composed of easily eroded material, will tend to adjust its aline- 
_ ment in such a manner that the shore line 1 is parallel to the wave crests for the _ | Z = 
= 
Fre. 6.—Wave Action Over an Aprurr CHANGE tw Borrom Store 
most severe conditions of w wave attack—that is, the : shore li line 1 tends to adjust 
itself to the « condition « of zero littoral current for the prevailing , wave condition. 
Monterey E Bay, Calif., affords an | excellent example of the relationship be- 
bottom topography, shore- line alinement, and prevailing wave condi- 
- ‘tions. Thus, referring to Fig. 5, it is noted first that the wave rose, as prepared a 
by the hindcasting technique,* shows a prevailing wave direction from the 


“northwest. Refraction coefficients for waves of low period (8 and high 
period (14 sec) fr om this | direction were computed and plotted for various 
points along the shore line are shown in Fig. 5. Also plotted in this dia-— 
gram is the value of the mean grain diameter of the beach sand at various points 
7 ; along | the shore line. The fact that the ‘point of maximum V values of Ka (mile 


7 ; 8-9 from Moss Landing) coincides with 1 the point o of maximum gt grain size is a 
significant factor and may be explained by recognizing that at those ‘points 


is low, and \ vice v ersa. a. That is, the | greater the ‘hone of the waves the _ 


| 

ihe 

| 

1 
‘ 
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AND REFRACTION | 
smaller is the refraction coefficient but the greater is the breaker angle and 
hence the larger the littoral current. = The existence of a ‘Tegion of little or no 
+ littoral current, therefore, i is a point of despoition and also a + point of relatively | 
large wave attack. 
_ Bay, it appears that at the section of t the coast between ners 8 and 9 below 
Landing, at which point the wave attack is the gi greatest, the littoral cur- 
- is relatively weak. _ This re reach is, therefore, a point of sand deposition | 
—_— which the prevailing on shore winds remove material and build sand dunes 
along the back beach. The relatively large extent of wave attack is responsible 
for causing considerable sorting of the beach “mater ial by moving the _ 
_ sediment fractions into deep | ep water and leaving the larger s sizes on the shore. - 
‘The relationship between sand size and degree of wave attack i isw ell illustrated . 
gnize that sand may move generally to certain localities o on a oe 
is importance to construction engineers seeking a source of of sand supply. 
As long as as the removal of sand from such a source does not exceed the rate of 
son by littoral drift, t the shore line will remé ain stable with no serious us erosion 7 
to adjacent beaches by such sand removal. 
Analysis of Past Events. —On numerous occasion 
occurred i in which unusual wave conditions ¢ caused large amounts of of damage to 
-shore-line structures. s. At the time of occurrence of these conditions data were 
not available, in most instances, to explain completely th the events that were ob-— 
"served to have occurr rred; -howev rer, with the increase in knowledge of wave action 7 
and related phenomena, many of these events have been explained to the satis- e 
_ faction of those familiar with the problem. — For "example, from the knowledge 
wave forecasting and wave refraction, orrough Pr. Brien,® 27 M. ASCE. 
has analyzed the occurrence in 1930 in which heavy wave action damaged .- 
portion of the breakwater at Long Beach, Calif. - At the time no wave action of 
unusual intensity was observed in adjacent areas. With the aid of refraction _ 
_ diagrams, it was shown that high- period waves generated many t thousands of 1. 
miles to the south (possibly i in the southern hemisphere) 1 must have approach ed 
: the Long | Beach area over a submarine ridge a and concentrated 1 directly on the 
breakwater. r. Because the submarine ridge was deeply submerged, it affected — 
only waves of unusually long period, which thereby accounts for the fact that — 
the Phenomenon w; was a rare occurrence. In the case of wave damage at Long > 


Beach, the se serious us beach erosion gsi at Santa Barbara, Calif., follow = 


have an important part. in a rational for reasoning 


the causes of damage and means of improvement. 


Another example of the value of refraction ‘diagrams i in reconstructing : and 


iain past ¢ events is the tsunami wave of. April 1, 1946, that caused con- = 
_ siderable damage in the Hawaiian Islands and portions. of the California coast. 
This wave resulted from an earthquake on the north face of the Aleutian trench, 
‘south of Unimak Island at latitude 533° N, longitude between | 163° a nd 164°, 


— 
27 “Wave Refraction at Long Beach and Santa Barbara, California,’ by M. P. O’Brien, Bulletin, No. 1, 


a Beach Erosion Board, Corps of Engrs., U. 8. Army, W ashington, D.C., January,1950,p.2, 
_ “Model Studies Made at the University of California River and Harbor I Laboratory,” by J. W. John- 


son, Transactions, Am. Geophysical Union, Vol. 29, 1948, pp. 107-116. 
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The — aa or igin was ne ih: 20. 9 Greenwich « civil time on April 1, 1946. The 
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— DIAGRAM FOR Sea Wave, Aprit 1 1946 


observe of wave heights and ~The tide | gage data, in ‘particular, 
afford an o oppor tunity for checking the shallow- -water wave theory by comparing 


: observed wave travel times to various points with those times calculated from ¢ a 


_ refrac tion diagr am. In this instance, the basic theory for the construction of a_ 


4 refraction diagram is founded on the assumption that — res are 


ong 


— on 

> 
— 

q 


-howev er, are known with reasonable a accuracy from | seismog! ographic data. 


| DIFFRACTION AND REFRACTION = 


enough to conform to the shallow- -water law for w ave velocity (C =¥ g 
Thus, the velocity of propagation is s independent of w ave period. — It is, there- 


- fore, evident ory for a giv en seismic generating area, only | one wave- ae dia- 


in of exact knowledge of the period o1 or of the 
waves present in the generated 1 train. The only point of uncertainty in the 

: a construction of a wave refraction diagr ram is the extent and shape of the initi-- 
7 ally generated wave front surrounding the disturbed area at the time of the 
- . The location of the epicenter and the time o of the first ‘shock, = 


Oo 
— 
lan) 
Ge 
— 


suming both a point source and a line source at the | optoonter, refraction di- 
grams were prepared by the wave-front method 29 and are - shown ni in Fig. 7 


The: diagram for the line s source 
was constructed on the ar wrbitrary TABLE Berween 


‘assumption that the source urce 


approximately 168 nautical FOR LE STATIONS 


face contours of the Aleutian 
at 


Point source | Line source _ 


Trench. The times for 


8 ach position of the wave fronts — 


are indicated in in ‘Fig. A com- — 
onoiuliu awall 
plete tabulation of travel times Sitka, Alaska 


those stations for which there | Clayoquot, British 
ow as NO circumstance casting any “Crescent City, Calif. 


San Francisco, Calif. 
doubt on either the observed Calif. 
computed results is given Avila, Calif. 
‘Table 1. Itis noted from this La Jolla, Calif. 


table that a maximum difference - 


_@ Negative values indicate observed arrival in advance a 5 


in trav el 1 time using the tw theoretical indication. 
types: s of epicenter’ was 19 
This” ‘difference in travel time, 

when considered in the light of the total observed trav el time ion example, the 
a total: observed come to San Francisco, Calif., w as 5 5 hr 31 min) indicates a fair_ 


degree ofaccuracy, 
ithin acti: limits it appears that the analysis is valid as to 
trav el time calculations and that the assumed line source gives results fitting the 


— obser vations to within the order of accuracy of the analysis. It is of impor aan 


tance to recognize, how eve er, that the wav es as generated in a seismic - disturk 

_ance constitute a wave in which the first’ ave becomes 
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the betw een theoretical and ero arriva val ev 


“greater | than that shown in Table 1. An examint ition of tide gage records®?_ 


that recorded the tsunami of April 1, 1946, show that the wave of maximum | 


oT 


29 Study Relating Data the Seismic Sea W: ave April 1, 1946 to the of its Propag 
= ‘ ” by F. C. Roop, Report HE-116-215, Inst. of Eng. Research, Univ. of California, Berkeley, Calif., 


80 “Seismic Sea Wave of April 1, 1946, as Recorded on Tide Gages,” 
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Union, Vol. 27, 1946, pp. 490-500. 
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© 
is, in in general, the ‘third or fourth wave in ‘group, and thus indicating 
Bom characteristic of a a wave group is that Ge 


wave however, iti is perhape re reasonable to: assume tha ne that, if the 

“wave theory y applies to estimates of travel time from refraction diagrams, then 
reasonably accurate estimates of relative wave heights at various points al also 

‘could be made by determining refraction coefficients from these diagrams. 7 In 

8 uch estimates, however, the shoaling factor D in Eq. 3 undoubtedly should | 
Although the time and location of the source of tsunami waves are e unpre- : 
-dictable, certain of the Pacific c islands and parts o of the Pacific coast of the United 
States have felt the « damaging effects of such waves in the past, and there i is no 

reason to expect that such effects will not be felt again in the future. 7 A con-— 

. sideration of the basic principles of refraction permits an engineer to estimate 
the relative vulnerability o of various localities along a given coast line to de- 
_ struction by tsunami waves. _ Historically, it is known that certain cities have i 
been greatly damaged several times ; by tsunami waves s despite the fact that the 
waves originated in entirely different regions. Other near-by regions have 
“never suffered damage. Hence, it appears that local underwater topography 
is particularly important in arriving at an evaluation of the safety of various | 

~ localities against | destructive action from tsunami sea waves coming from all 


possible directions. Such information is of importance in the orientation 


"4 ‘potential damage i is gr eat obviously w ‘ill occur dened if improvements ‘of a char- 
acter that waves can damage are in existence. 


Rerraction BY CURRENTS 


hen aves moving through still water « encounter a 1 moving wit with, 
7: against, or rat an angle to the wave direction, the waves ‘undergo a a change in 
length and steepness. In the case in which the waves meet a current at : an 
angle, the waves also change their direction. In the e forecasting of wave condi- 
tions there are two situations in which the refraction of waves by currents may 
be of practical importance. At tidal entrances, ebb currents run counter to the 
waves and increase the wave height and steepness, thereby adding to the haz- 
ards of navigation, while flood currents flatten out the waves. Large-scale 
ocean currents, such as the Gulf Stream, may have re great effect on the height, 
and direction of the waves approaching the current discontinuity. 
some instances, almost complete reflection of waves of certain | periods 


occur. In other instances, the waves. have e been forced by refraction to exceed _ 

critical steepness and then to break. 
The principal ; application ¢ of refraction methods i is to predict the occurrence 

4 ‘and height of breakers « around a tidal entrance. . The direction, height, and 


cle. Under such 


a 

progressively back through the group. 
| 
| 
i 

1 
— 

esion of the installations themselves _Act damage at n ts at which the 

: 
| 
a _ irregular, and the currents are variable throughout the tidal ec Fe 

| 


‘DIFFRACTION AND RE EFRACTION 

conditions quantitative forecasting by the purely ar analytical approach probably 

‘is not reliable, but a combination of theory and observation would be adequate 
or making forecasts” of probable wave conditions at harbor entrances. 


— 


other instances the engineer might use the general principles of refraction by vi 
currents to ) design the shape of dredged tidal channels such that wa wave action 
within the channel \ will be reduced i in magnitude. 

4 Surface waves in n deep o or shallow water 8 are refr _— by ¢ currents to an ae 
that depends o on the initial wave velocity and direction and the strength of the 


current. Two common conditions are treated i in the subsequent section _ h, 
for simplicity, is concerned only with deep- water waves. 


= 


= 


a A DEEP SOUND WITH A FOLLOWING CURRENT 


3 


Fig. —Cuanae ANGE IN Wave CHARACTERISTICS 


aves Meeting or Following a _Current:—W hen waves Proceed from still, 


advancing w aves, the wave remains constant, but the wave 
_ velocity, and height change.® 32 ‘Thus, referr ring to Fig. 8(a), if Lo and Cor repre- 
sent the deep-water wave a" and velocity, respectively, the wave length i in 

: the sound will be changed to a new value seine wave emniaieniaiaas to the 


water) corresponding to this wave length is C = 


dat 


3% “On Wave Heights in Straits and Sounds When Incoming Waves Meet a Strong Tidal Current, by 
H. U. Sverdrup, Scripps Inst. of Oceanography, La April 20, 1944 (unpublished). 


dD. Isaacs, Transactions, 
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TI he wave velocity ov ground is is equal to + [ 
ity , of the current i in the sound. 


From Kgs. ' 7 and 8, 


6 
des 
the sign must be taken since ce C must equal Cow U=0. Thus, if 


-. 


4 


- Considering E E qs. 7 and 9a it is seen that the effect of é a a following ¢ current is to 


increase the \ wave length, v whereas the opposite effect results from an opposing - 


From a consideration of the advance of wave energy it can be. shown that 


the ratio of the wave heights is 


plot of the change in 
wave height in an opposing or following current a 
is presented i in Fig. 8(b). ‘The effect on the wave _ 

_ steepness is obtained from a combination of Eqs. ; 


Lo” e+ -a)| (1 +a) 


Ww hich the wave » steepness A/Li in the sound 


to ) depend on on the initial steepness Ho/Los and 
ELATIVE OSITIONS Fr 
Crests Berore anp on the ratio U/Co. The waves in the sound will 
break when value of H/L reaches the critical 
condition | takes place only w hen the waves meet an opposing current ; that is is, 
a it is in this type of current that the height in ‘the sound is increased over the 
deep-water height 
SS Waves at an Angle to a Current.— —Referring to Fig. 9, w hen a wave “crest 
progresses from the position A BC i in deep, still water across a current discon- 


tinuity toa a position A’B’ C’ , changes i in the wave length, height, : scale 


4 


: 
),inwhich Uisthe veloee 
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DIFFRACTION AND REFRACT 
“oceur. This 1 refraction by currents has two effects on he steepness. 
One effect i is on the change in the wave length s and the other is vo the stretching 
compressing - of the wave crest. These effects may or hor depending 


= whether the current direction is plus or minus. a 


Fre. 10.—EFrecT oF Ree FLACTION BY CURRENTS on Wave 


condition sketched in Fig. shows th: at the effect on wave 


casa) | 
sin a 


can be rew ritten i in | the fort m,_ 


“(De 


of Eqs. 13 14 permits the | a 
Os Bane that gives the — in wave wi as a function of the strength and — 
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AND REFRACTION 
direction of the urrent to that of the inchdent wave. The in- 
teresting: fentire of the curves presented in Fig. 10 is that, whether the waves Z_ 
enter an oncoming ora ‘following current, they m may increase in height (and, : 
_ therefore, steepness) and then break. As an example, examination of Fig. 10 
- shows that w hen the value of U/Co = + 0. 1 @ following — all waves of 


fore, break. For higher | ‘plus values of U/Cs, the waves will ad much 


angle. apply to -deep- similar but ‘more. analysis. 
would result from an analysis | of waves refracted by currents in shallow water. 


Way ave diffraction is the in which water waves are propagated 
into a sheltered region fo formed by a breakwater or similar huesion that interrupts | 


a portion of a regular wave train. © ‘The principles o: of diffraction have consider- 


able prac etical application in connection with the design of breakwaters. The r 


50 
Must Pattern of Wave Crests at 
Lie in Zone |Z _|\Warious Relative 
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Locate Tip of -——. 


Values of 4 


—GENERALL FOR. Tr: OF BREA AKW .KW ATER 


7 phenomenon i is ; analogous to the « diffraction | of light, s sound, and « electromagnetic 


wav res, and theories for breakwater diffraction have been adapted from | the 
theory of these phenomena. Two general types | of diffraction problems” 
ally are encountered: (a) The passage of waves around the end of a semi- in- 
finite impermeable breakwater; and (b) the passage of waves through a gap in 
breakwater. The complete theory for these two conditions appears to o have | 
been first. during World II. These theories later were re- 
worked and verified experimentally by studies.* 35. 86 appears, 
however, that the theory for the case of a semi- infinite breakwater was developed ; 
independently i in France as early as 1942 and checked by field observations. ae 


It also appears that simultaneously with these other studies, R. Tribarren in 


= 4 


son, Am. Vol: 30, 1949, ‘pp. 718 


“ Diffraction of Water Waves by Breakwaters,” by J. H. Carr M. E. 
Gravity Waves, National Bureau of Standards, Washington, D. C., June, 1951. ar : 


et T. deformation ondulatoire des jetees verticales,”” by M. J. Larras, Travauz, Vol. 26, June, 1942, ane 
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d 
Geometric Shadow | | | of Waves] | 
ry, 
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 Spain,** and J. Thysse and J. B. Schijf made exper on diffrac- 
a: wil applied the results to practical design problems. _ More recently, M. H. 


Lacombe} hes us made a comparison between the classical hydrodynamic methods. 


general, the solutions been ‘found to apply with conservative | 
— results— —thati is, the p predicted wave heights i in the lee of a breakwater are found 
to be slightly larger than the height: of ‘waves that may be expected under 
actual conditions. The use of the diffraction n theory in breakwater design is 
made convenient when summarized in a diagram with curves o of equal values. 
- ote diffraction coefficients on a coordinate system in which the origin of the sys- 
tem is at the tip of a single breakwater or at the center of a gap. ‘The dite 
coefficient in instance defined as the of the diffracted wave 


Heights This Portion of the Shore Not 
_ Exceed Half the Maximum Expected — 


K '= 


Overlay 


ne Direction of Waves 
ide of Maximum Height 


“height to the i incident wave ve height ar and i is usually by 
ap procedure to be followed in preparing diffraction diagrams appears in the 


‘Semi- Infinite Breakwater _The generalized diffraction diagram shown 
Fig. 11 can be applied to a particular breakw ater problem once the ete 


“isties 0 of the design wave have been selected— , and di- 


"rection of the incident wave from which protection is to be provided. or 
example, Fig. 12 shows a map of a harbor for w hich protection is desired i a 7 


specified reach of the shore line for waves approaching from the critical direc ion. 
O.N 


"s"-Protection des Ports,” by R. C. Iribarren and C. O. Nogales, XVII International aa ales 
Il, Communication 4, Lisbon, Portugal, 1949, pp. 31-79. 4 : 
son 39 “‘Penetration of Waves and Swells into Harbors,” by J. . Thysse a ona J.B. Schijf, vu Senate 

Navigation Congress, Section II, Communication 4, Lisbon, Portugal, 1949, pp.151-171. 

a 40 “Note sur la diffraction de la Houle en incidence normal,” by M. H. Lacombe, Annales Hydrograph- 
Separate No. 1363, Paris, France, 1949, pp. 1-49. 
‘Generalized Wave Diffraction on Diagrams,” J. W. wad Johnson, Second Conference on Coastal Eng., 
Houston, Tex., November, 1951. 
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‘For the given wave period (or length) a diagram similar to Fig. 11 is plotted on 


transparent paper to the same length scale as the map of the harbor area. This 
transparent overlay then is moved over the map, keeping the geometric shadow | 
parallel to the direction of travel until the desired degree of protection for the 
_ selected reach of the shore line is obtained. The location of the tip of the 
_ breakwater thus is obtained as illustrated by the final location of the overlay = 
Sshownin Fig. 12,0000 
Diffraction at a Breakwater Gap.—The treatment of diffraction problems, as 
_ diseussed in the preceding section, is concerned with waves moving past a break- 
water tip with an infinite expanse of water existing away from the tip. In 


J Incident Waves 
Geometric Shadow ~ 


eometric Shado 
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9 10 11 12 13 14 15 16 See 
ALIZED DIFFRACTION DIAGRAM FOR A BREAKWATER 


As an illustration of a generalized diagram that gives diffraction coefficients | 


_ gap is two wave lengths in width. The method of making the necessary com- — 
putations of these diffraction coefficients as well as the computations for the 
- position of the wave fronts are shown in the Appendix. These generalized dia-_ 


- grams,*' when used as transparent overlays, can be moved over a map of ay 
locality to obtain the most desirable protection, similar to the procedure de- — 


_seribed forthe single breakwater, 
; - When the gap width is in excess of about five wave lengths, the diffraction | 
patterns at each side of the opening are more or less independent of each other. _ 


is 
> 


— 

— 

4 

many harbors, however, waves move through a relatively narrow gap ina 

breakwater, hence, diffraction occurs at the two sides of the gap and changes 

height in the lee of the breakwater; hence, it will be different than ifa 

single tip existed. Theories for this condition also have been developed. An 

= experimental study verified the general form of these theories for breakwater 

gaps with a ratio of gap-width to wave length as small as 0.5. - 

| 

| 


DIFFRACTION AND REFRA 
Ins such cases, the pattern n given by Fig. 11 for a semi- -infinite breakwater can be 
used to estimate the height and direction of wa aves on the leeward side. For 
these relatively large gap openings the direction of the incident waves with 
respect to the breakwater alinement can lie. anyw here within the zone indicated ' 
. 11 without the diffraction 
patter n being appreciably affe affected. 
For relatively narrow gaps the ex 
work*® has been concerned 
with the ca case in 1 which the angle 
between the wave the 


however » is believed that 
approximations can be made for ca ses 


OBLI LIQUE TO Break- 
 -WATER 


‘computing diffraction coefficients as 
though the breakwater were along this line— —the end of the i imaginary ep 
in at the projections on this, line of the tr true ap ends (Fi 14 
ing: projections on gay (Fig. 


— The application of the ieee of refraction n and ‘diffraction i is of consider- 
7 able practical importance in the design, construction, operation, and mainte- ; 


nance of many coastal ‘engineering works. _ These principles per mit the the estimate 
of wave conditions at specified points in shallow w water or at a shore line from 


deep-water 


Vav 

cast, or a wave 


ih 


basic theory of diffrac action has been presented elsewhere* and 
be | discussed in detail in this paper . Basically, the theor y assumes: (1) That - 
the Ww vaves a are of small amplitude compared t to the wave length ; and (2) that 
water is of “uniform depth. The first assumption covers s the range of wave 
steepness up to that of storm waves— “that i is, Ho/Lo = == 0. 
Diffraction by a Vertical Imperme 


_ tioned previously, the diffraction K’ is as the ratio. of 


e characteristics that are known from | vasa a icon a hind- 
rec 


fracted wave height to incident wat ht. {The value of K’ isa function o of 


sition with et to the br is, 
In this equation | 


@ 


a8 “Diffraction of Water Waves Passing Through a Breakwater Gap,” by F. L. Blue, Jr., thesis neg 
‘sented to the University of California, at Berkeley, Calif., in 1948, in partial fulfilment of the requirements it 


for the degree of Doctor of Philosophy. 
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Referring to Fig. 15, the plus s sign in in Eq. 1% applies the region (x 
and the minus sign applies to the + region. The evaluation of K’ : 
of is obtained from a projection not 
_ the Cornu spiral. The values of the 
factor U1 for various | values of K’ are | 
given in Table 2 q = 
in conjunction with 
Table 2, permits the construction of 
| diffraction diagram that shows para- 
L bolas of the constant K’. For or example, 
"to plot the cu curve of K' = 0.2, the — 


Wave Travel 


15.—Wave D1rrraction ANALYSIS AT 


BREAKWATER Tre 
= = 0.722 V¥ y/L + 0.13. ‘The plus sign indicates the region in the lee. of the 


breakwater. values of 2/L now can be computed for various ‘assumed 


using a 


lar | mu. Crest lag in 


3. 


data for "various: con- 


stant “values of dif- 
fraction coefficients are 
summarized in Table 4 
and plots of these data 
are shown in Fig. 
figure i is a general- — 
“ined diagram (c) Unsuetterep Recron’ (—2/L) 

curves of equal values of 
diffraction “coefficients 
ona coordinate system 

in which the o1 origin is at 
the breakwater tip. Tt 
of interest to note on 
this diagram that along 
the geometric shadow are one half of the height of the 
‘incident waves and that. waves slightly greater in height than the incident 
waves are possible beyond the breakw diagram i is applicable for a 
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‘uniform depth with either or shallow- water v waves, that 
_the proper wave length is used in the particular case. It also applies for condi- 


7 tions in which the angle between the incident wave and the breakwater is other 


plotting w wave are  pre- Diwrraction 
-sentedinthelastcolumnofTable = Gun) | 

2, where the lag or lead of the 
front is given. Thus, 


along ‘the parabola K’ = con- 


2.80 


4 stant, at the corresponding value. 3.89 


of (y/. L) and (x/L) the wave front 
will lag (or lead) by the given 
4 percentage of the wave length, that portion of the front of the same wave that _ 


is at the geometric shadow. It should be recognized t that the wave patterns 
plotted by this method apply only if if the the water is of uniform depth. . Should — 


TABLE 4- —VaLUES OF COORDINATE 7, FoR ‘Dirrraction 
Enp or BREAKWATER 
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these waves, after passing the breakwater, move into shoaling water in which 
the bottom contours are not: normal to the wave directions, refraction as well as a 


diffraction must be considered ; in fact, after : a a few wave lengths beyond the e, 
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ra idly. One 


cussed elsew here,3> and a 
nted herein. For 
‘coefficient is given 
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in which arg 


In Eq. 18, for 25 


and forz= = b/2 and y= 


eaten for tr reating s 
suggest ed but further studies in 


uch has 


k= 


Atr=6 b, /2 (geometric shadow) these expressions, “course, are 
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Shadow 


4 


The > factors in 20 are computed in 

terms of real and i imaginary components, 7 

each of which are added arithmetically 


— Gap Center Line : 
combined into a (x, y). 
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S and w are, respectively, the real 


i= 


and imaginary components s of f (- 
> 3 The term u is defined by the expression, ; 


Values of S and we as functions of the are shown in Fig. 17. 


The diffraction coefficient and phase difference at a any point (x, y) for 

saitieaine: breakwater gap of w width b: are computed by using Eqs. 20 in the fol- 


lowing steps. Values of 7; and rz are first obtained from that are 
ao 


— 
— 

ion y) as illustrated in Fig. 16, the diffrac- 
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13 


196 200 204 «6208 212) 216 220. 224 228 232 336 240 


0.05 


372 376 380 384 388 392 


= | 
08 12 16 20 24 28 32 36 40 44 48 
76 +80 84 88 92 £96 100 104 108 112 #116 #120 124 128 
324 328 332 336 340 344 348 352 
| 


: Vv alues of 7; and r re from these equations are used i in Eq. 23 to. detert mine e the 


values of u; and us, respectively. The values of and w, corresponding to 
and and we corresponding to Us are then obtained from Fig. 17. These func-_ 


tions ar are used in determining f; and by Eq. 21. 
A similar procedure i is used in determining the value of g: and g2 using Eq. —_ 
-: 22. For a given value of x rand 4 Y values of us and Us are first deter mined from 
= Eq. 23, in which the value of r; and the negative value of y yields us, and the 
value of r2 and the negative value ‘of yields The pair of values and 
on 
w3) and (Sa and corresponding | to us and Us, respectiv rely, are 


- 


components of f (— must be 
2ky=4r y/L = 720 degrees and then resolved into— 
"components parallel to the real and imaginary components f (— — ux) before 
addition. ‘Similarly, Ua) must be rotated through the s same angle a To 
per form this operation numerically, the factors cos a and’ — sin a are applied — 
the real and imaginary parts, respectively, of f (— us) and f(- Us); which 
then are added to obtain the components to be added to the real parts of 
* f(- — us) an and -f ( — us); V while the factors sin @ and cos a are. applied to the 
real and i imaginary parts of f (— us) and f (— us) to obtain the components to 
bea added to the imaginary parts ol of +f(- ui) and f (— Us). }. In the same — 
_q manner, the ter m ety, takes the v value 1 1+ i in the addition. 7 acts mele.” 
Designating the sum _ of the real components Sand that of the i contr 
‘the value of ‘the diffraction coefficient (x, y)] is ob- 


a _ readily derived from the geometry of the system shown in Fig. 16. These are: ; 

» 

a ae : fy and f2 (as given by Eq. 21) and g; and g» (given by Eq. 22) has to be considered. © ws | » 

is, there is a phase differe: | 
| 
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DIFFRACTION AND REFRACTI 


phase difference = 


Inv the prac tical case the diffraction coefficients and phase differences 
calculated for a breakwater gap of width 6 with waves of wave length L ap- . 


-proaching parallel to the breakwater. Instead of making computatior for 
a 4 "specific values of b and L, the results can be generalized by considering values of 


an > and y as multiples of tl the wave e length L. | _ Thus, computations of d of diffrac- 
7 tion coefficients and phase differences are made for a given ratio of gap- -width | 
to wave length at various relativ e positions x/L and y/L in the lee of the break- 


For convenience computations, Eq. 24 and Eq. 25 with «= 


25 with «= 


(i) 


Values ur", Us", therefore, are computed for various values of 


2 

» 
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SPU 


Numerical Example. = generalized diagram i is to be drawn for ‘iii 
ata breakwater gap whose width is two wave lengths. Thus, b/L = 


_As an illustration, ‘Tables 5 and 6 give a typical setup | for computation of — 

diffraction coefficients and phase differences at various positions ranges” 
a 0, 1, 2, and 3 from the gap. _ The positions 4 y/Lh have been arbitrarily as assumed © 
to ie multiples ‘ “m”’ of an initial value of y/L = 0. 6. The sequence of the 


4 = in ie caleulation p process in Tables 5 hares 6 is self explanatory. — A plot of | 


6, from w contours of equal diffrac ‘tion coefficients ce can in then construe ted, 


as shown in Fig. 1 
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Ap 
‘tional “ difference,” as computed in Table 6, is 
F Eq. 19, with complete cy cles omitted. z To ex express this phase difference in 


terms of complete cycles, it must be divided by 360°. To ‘obtain the complete 


phase, the phase of the incident wave must be added to the phase difference. 


let Phase ¢ 
Complete Phase 


= 


an 


1.0 


Ss The aha of the incident wave also is expressed in cycles, that is ———— 


which m is an integer. whole cycles are omitted, both phases ex- 

"pressed a as negative angles, thus indicating a decrease i in phase as y i increases. 
In the computations: for ‘complete phase for various positions (x/L, -y/L) it is 
usually conv enient to make a plot of the phase, $, against values of y/L, as- 


shown in Fig. 18. a . Since 1 the curve for 2/L = 0 rises at slightly less than 45°, a 
45° line is first drawn lightly on the seg thus making clear the value * the 
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DIFFRACTION AND REFRACTION 


Table 7 ‘Thus, for arious of and t the corresponding values of phase 
difference (PD), as computed and shown in col. 31 of Table 6 were first tabu- 


lated (minus values of phase difference subtracted from 360° before 


‘tabulation in Table 7. These values of PD were next divided by 360°. Re- 


E 7 ComPUTATION FOR COMPLETE Puas 


ore ‘ 
‘degrees 


degrees w 
(b) «/L ©) z/L 


1.000 

0.978 

0.984 

0.963 

0.983 

0.012 | 0217 

0.042 | 0.958 

0.056 | 0.944 

0.065 | 0.935 | | 

0.077 | 0.923 | & ‘ 


0 
0.616 
0.767 | 354 

0.939 
0.074 | 0.126— 
0.086 | 0.914 
0.094 | 9.906— 
0.099 | 0,901 
0.102 | 0.898 
0.105 | 0.895 


eosssssss 
SOK 


‘ 


-ferring to Fig. 18, the integer m was obtained for each value of y/L (for example, 


_ for y/L = 3, the value of m is s equal to the first integer below the »2/L =0 ine, 
w hich i is 9). - alues of m ™ the various values of y/L are show: n in Table 7. 
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_ The remaining steps consist of the summation of the terms (= PD/360), 
and — | — m, for sing 
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+ = — m = complete phase. . — 


DI FFRACTION AND REFRACTION _ 


- ‘The remaining curves of phase (for 2/L = = constant) now may be drawn by 
starting at /L = 0 with phases 1 taken from Table 7, due allowance being made 
for the value of m m, or the complete cycles Each curve of (2/L = constant) lies 


above and approximately oem to the preceding curve as as higher values of 


y/L a are used. 


™ Points for ‘the wave uta are computed by noting from the curves shown 
in Fig. 18 the values of y/L at v which the phases for z/L = constant reached 
integral values. _ These points are tabulated in Table 8. Ww ave patterns now 

may be drawn as curves joining the points having the same integral phases. 


‘The patterns for. the width of L Fig. 13, together with the 
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